Introduction
============

Lung cancer is the leading cause of cancer-related death worldwide. Adenocarcinoma is major histological subtype of lung cancer, and its incidence rate annually increases.[@b1-ott-11-2097] An estimated 1,800,000 new lung cancer cases are diagnosed every year, accounting for about 13% of total cancer diagnoses.[@b1-ott-11-2097] Although a great amount of effort has been made toward the diagnosis and treatment of lung cancer, the clinical outcomes are still unsatisfactory, with an overall 5-year survival rate of 16.8%.[@b2-ott-11-2097] Therefore, identifying novel therapeutic target is of great importance to improve progression for lung cancer. Unlike normal cells, most cancer cells rely primarily on aerobic glycolysis to generate energy even in an oxygen-rich environment during malignant progression. This phenomenon is termed "the Warburg effect".[@b3-ott-11-2097] Pyruvate kinase (PK) is an important metabolic enzyme, which catalyzes the conversion of phosphoenolpyruvate and adenosine diphosphate to pyruvate and adenosine triphosphate (ATP) in the glycolytic pathway.[@b4-ott-11-2097] There are 4 mammalian pyruvate kinase isoforms, PKL, PKR, PKM1 and PKM2, which are expressed in different cell types.[@b5-ott-11-2097] PKM2 is mainly found in many different cancer cells and during embryonic development.[@b6-ott-11-2097] Interestingly, PKM2 is expressed with different forms in normal proliferating cells and tumor cells. In normal proliferating cells, active tetrameric PKM2 is the main form, pyruvate is used to produce ATP in mitochondria through the tricarboxylic acid (TCA) cycle.[@b7-ott-11-2097] However, in cancer cells, less active dimeric PKM2 is the main form with less pyruvate production, which lead to accumulation of various glycolytic metabolites for macromolecular biosynthesis (nucleotides, amino acids, and lipids) to support cell growth.[@b7-ott-11-2097],[@b8-ott-11-2097],[@b10-ott-11-2097] Christofk et al reported that knockout of PKM2 could inhibit cell proliferation and tumorigenesis by reducing aerobic glycolysis.[@b9-ott-11-2097] PKM2 has been reported to be overexpressed in many malignant tumors and makes essential contributions to development and metastasis.[@b11-ott-11-2097],[@b12-ott-11-2097] Yu et al reported that PKM2 could regulate neural invasion of and predict poor prognosis for human hilar cholangiocarcinoma.[@b12-ott-11-2097] PKM2 as an independent prognostic factor is also overexpressed in lung cancer.[@b13-ott-11-2097] Sun et al reported that knockdown of PKM2 suppressed tumor growth and invasion in lung adenocarcinoma.[@b14-ott-11-2097] In addition, Guo et al showed that PKM2 knockdown combined with cisplatin significantly inhibited tumor growth in A549 lung cancer xenograft models.[@b15-ott-11-2097] Considering the critical role of PKM2 in tumorigenesis, understanding the underlying mechanisms of regulation of PKM2 is of great value for targeted therapy for lung cancer.

Post-translational modifications (PTMs) are important mechanisms for regulating protein functions.[@b16-ott-11-2097] PTM of PKM2, such as phosphorylation or acetylation, has been reported to regulate PKM2 function by affecting its protein stability, homodimerization, and translocation.[@b8-ott-11-2097] SUMOylation is an important type of PTM, and involved in many significant cell processes such as transcription, protein stability, and protein subcellular localization.[@b17-ott-11-2097] Recently, an increasing number of studies have shown the link between small ubiquitin-like modifier (SUMO) modification pathway and tumor development. Spoden et al reported that PIAS3 targeted PKM2 in vivo.[@b18-ott-11-2097] Interestingly, PIAS is a SUMO-E3 Ligase. Thus, this suggested a link between SUMO system and PKM2. In this study, we aim to reveal the mechanism of SUMO1 modification of PKM2 and provide a new mechanism of regulation of PKM2.

Here, we show that expression of PKM2 was increased in lung adenocarcinoma patients based on immunohistochemical (IHC) analysis, and patients with high PKM2 expression had reduced overall survival rate and disease-free survival rate compared with those with low PKM2 expression. Mechanistic analysis demonstrated that SUMO1 modification affected the protein levels of PKM2, and Lys336 residue was the main SUMO1 modification site of PKM2. SUMO1 modification of PKM2 promoted aerobic glycolysis of cancer cells; furthermore, it promoted cell proliferation and tumorigenesis.

Patients and methods
====================

Study population
----------------

A total of 73 patients who underwent tumor resection at Shanghai Jiaotong University affiliated Renji Hospital and Shanghai Chest Hospital from December 2007 to December 2012 were enrolled in this study. Inclusion criteria were as follows: none of the patients had received treatment before surgery; complete case records; tumor pathology of lung adenocarcinoma had been confirmed by histopathologic examination of surgical specimens; and available tissue specimen for IHC staining. This research was approved by the institutional ethics committee of Shanghai Jiao Tong University affiliated Renji Hospital and Shanghai Chest Hospital. Written informed consent was obtained from each patient according to the Declaration of Helsinki.

Immunohistochemistry
--------------------

Paraffin-embedded lung cancer tissues were used for the IHC analysis. Anti-PKM2 antibody (Cell Signaling Technology, Beverly, MA, USA) was applied on 4 µm sections. Intensity of staining was scored according to the following criteria: 0 (no staining), 1 (weak staining), 2 (intermediate staining), and 3 (strong staining). In addition, 0 (0%), 1 (1%--9%), 2 (10%--49%), and 3 (50%--100%) were used to score the percentage of positive cells. Intensity of staining and percentages of cells were used to score the slides (0--9). An IHC score of \<4 was considered negative, whereas an IHC score of ≥4 was considered positive. The slides were evaluated by 2 independent observers who were blinded to the clinical data.

Cell culture and transient transfection
---------------------------------------

HEK293T and A549 cell lines were purchased from the Cell Bank of the Type Culture Collection of the Chinese Academy of Sciences. All cells were maintained in (DMEM; Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum (FBS; Thermo Fisher Scientific). Cells were incubated at 37°C under 5% CO~2~. Hypoxic cells (1% O~2~) were placed in a sealed hypoxia chamber (Thermo Fisher Scientific). We used NEOFECT™ DNA transfection reagent (Neofect, Beijing, China) to carry out transient transfection experiments. Cells were plated in 6-well plates; 24 h after that, transient transfection experiments were carried out. Transfection reagents were diluted by opti-MEM (Thermo Fisher Scientific) for 5 min at room temperature (RT). Plasmids were also diluted by opti-MEM. Then the diluted transfection reagents were mixed with the diluted plasmids for another 30 min at RT. The mixture was added into cells; 48 h after transfection, cells were collected for the following experiments.

Transfection of siRNA
---------------------

Cells were transfected with oligo small silencing RNAs using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). The sequences of siRNA oligos used in our study are as follows: SUMO1 (sense 5′-CCUUCAUAUUACCCUCUCCUU-3′, antisense 5′-AAGGAGAGGGUAAUAUGAAGG-3′), and negative control (sense 5′-UUCUCCGAGCGUGUCACGUTT-3′, antisense 5′-ACGUGACACGUUCGGAGAATT-3′).

PKM2 enzyme assay
-----------------

Cells (HEK293T) were transfected with hemagglutinin (HA)-PKM2 wild type (WT) or HA-PKM2 (K336R) as indicated for 48 h. HA beads (Sigma-Aldrich-Aldrich St Louis, MO, USA) were used to immunoprecipitate HA-PKM2 (WT) or HA-PKM2 (K336R) protein; after that, indicated protein was eluted by HA peptide (Sigma). Purified HA-PKM2 or HA-PKM2 (K336R) protein was equalized by Western blotting. PK Assay Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) was used to analyze the PK activity according to the manufacturer's instructions.

^18^F-deoxyglucose (^18^F-FDG) uptake and lactate production measurements
-------------------------------------------------------------------------

Cells were transfected with indicated plasmids in 12-well plates. Approximately 48 h after transfection, the cells were collected and washed with PBS, then the collected cells were incubated in 1 mL of glucose-free DMEM containing ^18^F-FDG (148 kBq \[4 µCi/mL\]) for 1 h at 37°C. A total of 1 mL of 0.1 M NaOH was used to produce lysates. A well γ-counter was used to detect the radioactivity of lysates. At the end of the experiments, the readouts were normalized to corresponding protein amounts. Three independent experiments were performed during our study.

For lactate production measurements, cells were transfected with indicated plasmids in 12-well plates for 36 h. Then the cells were washed with PBS and cultured in serum-free DMEM for another 12 h. After that, cell supernatants were collected to measure lactate levels according to the instruction of the Lactate Assay Kit (Nanjing Jiancheng Bioengineering Institute). Data were normalized to total protein and three independent experiments were performed during our study.

Western blotting and immunoprecipitation
----------------------------------------

Cells were lysed using radio immunoprecipitation assay (RIPA) lysis solution (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, complete protease inhibitor cocktail) for 30 min on ice, then centrifuged at 15,000× *g* for 30 min at 4°C. Cell extracts were incubated with HA beads (Sigma) at 4°C for 3 h. After that, the beads were washed 5 times with lysed buffer (RIPA), then equal 2×SDS (sodium dodecyl sulfate) sample buffer was added to the resulting beads and boiled for 10 min at 100°C, the samples were analyzed by Western blotting. Protein samples were separated in 10% SDS-polyacrylamide gel electrophoresis and then transferred to polyvinylidene difluoride membranes. Non-fat milk 5% was used to block nonspecific background for 1 h at room temperature followed by overnight 4°C incubation with the primary antibodies. Horseradish peroxidase-conjugated secondary antibodies were used in our study.

In vitro and in vivo SUMOylation assay
--------------------------------------

A total of 200 nmol/L recombinant PKM2 was used in vitro SUMOylation assays using the SUMOylation kit (Enzo Life Sciences, Farmingdale, NY, USA) according to manufacturer's instructions. For in vivo SUMOylation assay, HA-PKM2 (K336R) and Flag-SUMO1 were contransfected into HEK293T cells. Forty-eight hours after transfection, cells were collected, then N-ethylmaleimide (NEM)-PBS buffer (20 mM N-ethylmaleimide in phosphate-buffered saline) was used to wash the cells, HA-PKM2 (K336R) was immunoprecipitated in NEM-RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 20 mM NEM, and complete protease inhibitor cocktail) with HA beads (Sigma) at 4°C for 3 h, then SUMO1-PKM2 was detected by immunoblotting.[@b19-ott-11-2097]

Mice and in vivo small animal position emission tomography (PET) experiments
----------------------------------------------------------------------------

BALB/c nude mice (female, 4 to 5 weeks-old) were purchased from Ren Ji Hospital Experimental Animal Center (Shanghai, China).

Different viruses were infected into A549 cells to form stable ectopic PKM2-WT/K336R-expressing A549 cells. A total of 1×10^7^ stably transfected cells were injected subcutaneously into nude mice. Two weeks after that, 7.4 MBq ^18^F-FDG was injected intravenously into tumor-bearing mice. Then the animals were anesthetized and immobilized. A 20 min PET scan was acquired using a MicroPET (Super Nova® PET/CT (PINGSENG Healthcare \[KunShan\] Inc, Jiangsu, China). ^18^F-FDG uptake by tumors was assessed by using standard uptake values.

Our study was approved by Ren Ji Institutional Animal Care and Use Committee (Shanghai, China). The procedures were performed according to the guidelines and regulations of Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong University (Shanghai, China). This study was carried out in accordance with the recommendations that cover all scientific procedures involving the use of live animals.

Cellular oxygen consumption rate (OCR) measurements
---------------------------------------------------

We used a Seahorse XF24 Extracellular Flux Analyzer to evaluate OCR measurements. A total of 20,000 cells were plated in XF24 cell culture plates and incubated for 24 h at 37°C. After that, cells were incubated in bicarbonate-free buffered DMEM in a 37°C non-CO~2~ incubator for 1 h followed by XF assay at the designated time points.

Luciferase reporter assay
-------------------------

A total of 1×10^4^ HEK293T cells were seeded into 24-well plates and transfected with hypoxia-inducible factor 1 (HIF-1)-luc and Flag-SUMO1 or si-SUMO1 or si-negative control (si-NC), and empty vector, or PKM2-WT, or PKM2-K336R as indicated for 24 h. After that, part of cells suffer 20% O~2~ (normoxia), the rest of cells suffer 1% O~2~ (anoxia). for another 24 h, we used the Dual Luciferase Assay System (Promega, Madison, WI, USA) to analyze the cell lysates in our study. The ratio of firefly luciferase to renilla activity was calculated for each of the samples in triplicate.

Quantitative real-time polymerase chain reaction (qRT-PCR)
----------------------------------------------------------

TRIzol Kit (Omega, Norcross, GA, USA) was used to isolate total RNA and complementary DNA (cDNA) Synthesis Kit (Takara, Otsu, Japan) was used to synthesize cDNA. SYBR Green PCR Master Mix (Takara) in a StepOnePlus RT-PCR system (Thermo Fisher Scientific) was used for qRT-PCR. The PCR cycling conditions were as follows: 95°C for 5 min, 40 cycles of 95°C for 10 s and 55°C for 20 s, 72°C for 20 s, and dissociation at 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s. A 2^−ΔΔCt^ method was used to analyze the data. All qRT-PCR reactions were performed in triplicate. Primers used in our study are as follows: *PKM2*-Forward Primer (GTCGA AGCCCCATAGTGAAG), *PKM2*-Reverse Primer (GTGAATCAATGTCCAGGCGG), *GLUT1*-F (CAGTTCGGCTATAACACTGGTG), *GLUT1*-R (GCCCCCGACAGAGAAGATG), *LDHA*-F (ATCTTGACCTACGTGGCTTGGA), *LDHA*-R (CCATACAGGCACACTGGAATCTC), *PDK1*-F (CTTCAGCCGCAGCTTCAGCT), *PDK1*-R (CAACTCTTGCCGCAGAAACA), *ENO1*-F (TGCCGTCTGCAAAGCTGGTG), *ENO1*-R (CGCATGGCTTCCCTGAAGTT).

Colony-formation assays and cell proliferation analysis
-------------------------------------------------------

Low-melting point agarose (250 µL, 0.6%) in DMEM containing 10% FBS was poured into a 24-well plates and allowed to solidify at RT. A total of 100 cells were seeded in 250 µmL 0.4% agar with DMEM medium (10% FBS) and then plated on top of the base layer in each well. The cells were cultured for 15 days. Each well was photographed and the colony number was calculated.

A549 cells were transfected with indicated plasmids for 24 h. After that, 20,000 cells were harvested and seeded in triplicate onto 24-well plates. The cells were collected every 48 h and live cells were counted using a hemocytometer after trypan blue exclusion.

Statistical analysis
--------------------

We used Graphpad Prism 5 software (GraphPad Software, San Diego, CA, USA) or SPSS 17.0 (SPSS Inc., Chicago, IL, USA) to conduct statistical analysis in our study. Overall and disease-free survival curves were calculated using Kaplan--Meier method and were compared by log-rank test. Unpaired 2-tailed *t*-test was used to analyze the difference between the groups. Data are expressed as mean ± SD, of 3 independent experiments. All tests of significance were 2-sided; and *P*-values \<0.05 were considered significant.

Results
=======

Patient characteristics
-----------------------

Our test subjects consisted of 40 males and 33 females. The age of patients ranged from 38 to 79 years, with mean value of 60 years. Lymph node metastasis was detected in 29 patients.

Correlation of patient characteristics with PKM2 expression
-----------------------------------------------------------

Immunohistochemical (IHC) analysis was carried to assess the expression of PKM2. Representative samples of PKM2 expression evaluated by IHC staining are shown in [Figure 1A](#f1-ott-11-2097){ref-type="fig"}. PKM2 immunoreactivity was readily detected in the cytoplasm and was occasionally detected in the nucleus ([Figure 1A](#f1-ott-11-2097){ref-type="fig"}). The positive expression of PKM2 was 41.1% in lung adenocarcinoma patients. To investigate the relationship between PKM2 expression and the biological characteristics of tumor tissues, we divided the patients into the following 2 categories according to immunhistochemistry of PKM2: positive PKM2 expression group (n=30) and negative PKM2 expression group (n=43). The results of the univariate analysis for each factor are show in [Table 1](#t1-ott-11-2097){ref-type="table"}. PKM2 expression was not associated with age and sex. However, tumor differentiation, lymph node metastasis, or TNM stage of these 2 groups were significantly different.

Correlation of high PKM2 expression with overall survival and disease-free survival in lung adenocarcinoma patients
-------------------------------------------------------------------------------------------------------------------

Kaplan--Meier analysis showed that the overall survival rate was significantly lower in the positive PKM2 expression group than in the negative PKM2 expression group (*P*=0.017) ([Figure 1B](#f1-ott-11-2097){ref-type="fig"}). As for disease-free survival rate, lung adenocarcinoma patients with high PKM2-expressing tumors had significantly reduced disease-free survival than patients without them (*P*=0.027) ([Figure 1C](#f1-ott-11-2097){ref-type="fig"}).

SUMO1 modification promoted PKM2-dependent glycolysis via affecting PKM2 protein levels
---------------------------------------------------------------------------------------

As an important type of PTM, SUMO1 modification has been reported to be involved in glycolysis in cancer cells.[@b20-ott-11-2097] As shown in [Figure 2A and B](#f2-ott-11-2097){ref-type="fig"}, compared with vector control, both ^18^F-FDG uptake and lactate production were dramatically increased in cells overexpressed with SUMO1. On the contrary, we found that SUMO1 knockdown by specific siRNA significantly reduced the ^18^F-FDG uptake and lactate production in A549 ([Figure 2C and D](#f2-ott-11-2097){ref-type="fig"}). PKM2 knockdown by specific siRNA further reduced ^18^F-FDG uptake and lactate production; however, no additive effect was observed when si-SUMO1 was combined with si-PKM2 ([Figure 2C and D](#f2-ott-11-2097){ref-type="fig"}). The results showed that SUMO1 promoted glycolysis in A549, and this effect was dependent on PKM2.

As SUMO1 modification plays a critical role in protein stability, we wondered whether SUMO1 also affected PKM2 protein stability. We showed that SUMO1 knockdown by specific siRNA significantly reduced the expression level of endogenous PKM2 in A549 cells ([Figure 2E](#f2-ott-11-2097){ref-type="fig"}). Conversely, overexpression of SUMO1 caused an increase in endogenous PKM2 proteins compared with the vector control ([Figure 2F](#f2-ott-11-2097){ref-type="fig"}). In addition, we found that the mRNA levels of PKM2 were not affected by SUMO1 knockdown ([Figure 2G](#f2-ott-11-2097){ref-type="fig"}). This indicated that SUMO1 played an important role in stabilizing the protein level of PKM2. A previous study showed that PKM2 was degraded by lysosomal pathway.[@b8-ott-11-2097] We observed that Leupeptin (an inhibitor of lysosomal proteases) rescued the decrease of PKM2 protein induced by SUMO1 knockdown ([Figure 2H](#f2-ott-11-2097){ref-type="fig"}), suggesting that SUMO1 enhanced the protein stability of PKM2 by regulating its degradation process. In addition, decreased PK activity contributes to rapidly growing embryonic and tumorigenic cells. Our results found that SUMO1 knockdown increased PK activity, suggesting that SUMO1 modification inhibited PK activity ([Figure 2I](#f2-ott-11-2097){ref-type="fig"}).

Lysine-336 residue was a primary SUMO1 modification site of PKM2 protein
------------------------------------------------------------------------

In that SUMO1 potentially controlled the stability of PKM2 proteins, and promoted glycolysis via PKM2, we hypothesized that PKM2 could be modified by SUMO1. Thus, we hypothesized that PKM2 could be modified by SUMO1. First, we performed in vitro SUMOylation assays and found that PKM2 protein was a substrate for modification by SUMO1 ([Figure 3A](#f3-ott-11-2097){ref-type="fig"}). To further support the conjugation of PKM2 to SUMO1, we performed in vivo SUMOylation. HEK293T cells were transfected with HA-PKM2 in the presence or absence of Flag-SUMO1. Total cell extracts were immunoprecipitated with anti-HA antibody. We identified a slow moving immunoreactive band, which was recognized by both anti-Flag and anti-HA antibodies when supplied with SUMO1 ([Figure 3B](#f3-ott-11-2097){ref-type="fig"}). These results supported the possibility that PKM2 was modified by SUMO1 in vivo. Then we used SUMOsp 2.0[@b21-ott-11-2097] to predict potential SUMOylation sites of PKM2 protein. In silico analysis indicated that lysine-336 (K336) residue was the most likely to be a SUMO1 modification site of PKM2 ([Figure 3C](#f3-ott-11-2097){ref-type="fig"}). Mutation of lysine-336 to arginine largely abolished PKM2 SUMO1 modification in vitro, suggesting lysine-336 was the primary SUMOylation site of PKM2 protein ([Figure 3D](#f3-ott-11-2097){ref-type="fig"}). In accordance with the results of in vitro, the higher molecular mass was most clearly absent in the K336R mutant in the presence of Flag-SUMO1 ([Figure 3E](#f3-ott-11-2097){ref-type="fig"}). In vivo SUMOylation analysis further demonstrated that WT but not K336R mutant of PKM2 protein was modified by SUMO1. Taken together, these results suggested that K336 residue was a primary SUMO1 modification site of PKM2 protein.

SUMO1 modification of PKM2 at Lys-336 site increased glycolysis and promoted its cofactor functions
---------------------------------------------------------------------------------------------------

Next, we analyzed whether SUMO1-modified PKM2 increased glycolysis through Lys-336 site. A549 cells were transfected with Flag-SUMO1 or si-SUMO1 or si-NC, and empty vector, or PKM2-WT, or PKM2-K336R as indicated ([Figure 4A and B](#f4-ott-11-2097){ref-type="fig"}). In the presence of PKM2-WT, compared with empty vector and si-NC, the ^18^F-FDG uptake and lactate production with Flag-SUMO1 were significantly increased, whereas the values of ^18^F-FDG uptake and lactate production with si-SUMO1 were much reduced, indicating that SUMO1 modification of PKM2 promoted glycolysis of cancer cells. In contrast, in the presence of PKM2-K336R, the values of ^18^F-FDG uptake and lactate production were much reduced. Compared with expression of PKM2-WT with empty vector, expression of the K336R mutant PKM2 suppressed values of ^18^F-FDG uptake and lactate production to similar levels under conditions of cotransfection with empty vector, Flag-SUMO1, si-SUMO1, or si-NC. This result suggested that SUMO1 modification at the K336 residue of PKM2 increased glycolysis of cancer cells. To further support the idea that glycolysis was regulated by PKM2 Lys-336 residue SUMO1 modification, we performed ^18^F-FDG PET imaging on mice bearing human lung cancer xenografts. In vivo PET imaging displayed that cancer xenograft derived from cells that expressed K336R mutant PLM2 had significantly less glucose uptake than that derived from ells that expressed wild-type PKM2 ([Figure 4C](#f4-ott-11-2097){ref-type="fig"}). This result suggested that SUMO1 modification of PKM2 at the Lys336 residue played a vital role in PKM2-mediated glucose metabolism. On the other hand, basal OCR reflecting oxidative phosphorylation was substantially higher in cancer cells that expressed K336R mutant PKM2 than those that expressed wild-type PKM2 ([Figure 4D](#f4-ott-11-2097){ref-type="fig"}). Moreover, K336R mutant PKM2 resulted in a higher PK enzyme activity ([Figure 4E](#f4-ott-11-2097){ref-type="fig"}). Taken together, these data suggested that SUMO1 modification of PKM2 at Lys-336 residue shunted glucose from oxidative phosphorylation metabolism to glycolysis.

Besides being an important rate-limiting enzyme in aerobic glycolysis, PKM2 functioned as a transcriptional coactivator of HIF-1 in the nucleus.[@b22-ott-11-2097],[@b23-ott-11-2097] To test whether SUMO1-modified PKM2 affected HIF-1 transcriptional activity, a luciferase reporter containing hypoxia-response element derived from the human *ENO1* gene was used for analyzing HIF-1 transcriptional activity. The 293T cells were transfected with HIF-1-luc and Flag-SUMO1 or si-SUMO1 or si-NC, and empty vector, or PKM2-WT, or PKM2-K336R as indicated ([Figure 4F](#f4-ott-11-2097){ref-type="fig"}). In the presence of PKM2-WT, compared with empty vector and si-NC, the activity of HIF-1-luc with Flag-SUMO1 was significantly increased, whereas the activity of HIF-1-luc with si-SUMO1 was much reduced, indicating that SUMO1 modification of PKM2 controls PKM2 activity on HIF-1 transcription. On the contrary, in the presence of PKM2-K336R, the activities of HIF-1-luc were much reduced. Compared with expression of PKM2-WT with empty vector, the expression of the K336R mutant PKM2 suppressed transactivation of HIF-1-luc to similar levels under conditions of cotransfection with empty vector, Flag-SUMO1, si-SUMO1, or si-NC. This result suggests that SUMO1 modification at the K336 residue contributes to PKM2-mediated HIF-1 transcription. Then we tested HIF-1 target genes in cancer cells that expressed either wild-type or K336R mutant PKM2. The expression of HIF-1 targets consisting of *GLUT1, LDHA, ENO1* and *PDK1* was lower in cells that expressed K336R mutant PKM2 than those that expressed wild-type PKM2 ([Figure 4G](#f4-ott-11-2097){ref-type="fig"}). All these findings indicated that SUMO1 modification of PKM2 at Lys-336 residue was controlling PKM2 activity on HIF-1 transcription.

SUMO1-modified PKM2 promoted cell proliferation in vitro
--------------------------------------------------------

To investigate whether SUMO1-modified PKM2 influenced the growth of cancer cells, cell-counting experiments were conducted. We found that cells that overexpressed WT PKM2 with si-NC proliferated faster than cells overexpression of K336R mutant PKM2 with si-NC (*P*=0.001) ([Figure 5A](#f5-ott-11-2097){ref-type="fig"}). More importantly, the growth promotion effect was comparable between wild-type and K336R mutant PKM2 cells in the absence of SUMO1 (*P*=0.662) ([Figure 5A](#f5-ott-11-2097){ref-type="fig"}). Soft agar colony-forming assays were conducted to further confirm the effect of PKM2 SUMO1 modification on the proliferation potential of cancer cells. The results showed that WT PKM2 significantly promoted the anchorage-independent growth of cancer cells compared with K336R mutant PKM2 in the presence of SUMO1 (*P*=0.002) ([Figure 5B](#f5-ott-11-2097){ref-type="fig"}). However, the growth advantage was comparable between wild-type and K336R mutant PKM2 cells when SUMO1 gene was silenced by specific siRNA (*P*=0.901) ([Figure 5B](#f5-ott-11-2097){ref-type="fig"}). Thus, these data suggested that PKM2 Lys-336 residue SUMO1 modification conferred tumor cell growth advantage in vitro.

Discussion
==========

Lung cancer is the leading cause of cancer-related death worldwide,[@b1-ott-11-2097] among which adenocarcinoma is the major histological subtype. Although massive efforts have been made toward the diagnosis and treatment of lung cancer, the 5-year survival rate is still poor. Therefore, identifying novel therapeutic target is of great importance to facilitate targeted therapies or interventions for human lung cancer.

About 80 years ago, Otto Warburg found that most cancer cells relied primarily on aerobic glycolysis to generate energy even in an oxygen-rich environment, which is termed "the Warburg effect".[@b24-ott-11-2097] It is well known that aerobic glycolysis is an inefficient way to generate ATP, but it enables cancer cells to produce more important biomass, which is needed for producing a new cell.[@b25-ott-11-2097] As the last rate-timing enzyme in glycolysis, PKM2 plays a crucial part in regulating cancer cells metabolism and tumorigenesis.[@b4-ott-11-2097],[@b9-ott-11-2097] Christofk et al reported that knockout of PKM2 could inhibit cell proliferation and tumorigenesis by reducing aerobic glycolysis.[@b9-ott-11-2097] The PKM2 mRNA levels have been reported to be elevated in lung cancer, breast cancer, colon cancer, and bladder cancer.[@b26-ott-11-2097]--[@b29-ott-11-2097]

IHC results further showed that PKM2 was overexpressed in many malignant tumors and made essential contributions in development and metastasis.[@b11-ott-11-2097],[@b12-ott-11-2097] In this study, we found a 41.1% rate of PKM2 expression in lung adenocarcinoma using immunohistochemistry, which was in line with a previous report.[@b13-ott-11-2097] More importantly, we found that patients with relatively high PKM2 expression had lower overall and disease-free survival rates when compared with rates in patients with low expression. Considering its relatively high levels of expression and critical role in tumors, understanding the underlying mechanisms of regulation of PKM2 may represent an effective treatment approach for human lung cancer.

PTMs as an important protein-regulating mechanism are reported to cause cancers by regulation of key factors and signaling pathways.[@b30-ott-11-2097] PTM of PKM2, such as phosphorylation or acetylation, has been reported to regulate PKM2 function by affecting its protein stability, homodimerization, and translocation.[@b8-ott-11-2097] SUMO1 modification is an important type of PTMs, and is involved in the regulation of tissue development and cancer progression.[@b17-ott-11-2097] And this type of PTM manifests its effect through regulating protein stability, protein--protein interaction, and protein localization. However, how SUMO1 modification affects the role of PKM2 in tumorigenesis in lung cancer is still unknown. A previous study has reported a stimulatory role of SUMO1 on glycolysis in cancer cells.[@b20-ott-11-2097] Consistent with this report, we found that glucose uptake and lactate production were decreased by SUMO1 knockdown, and its effect on glycolysis was independent of PKM2. Further research revealed that SUMO1 played a vital role in improving protein stability for PKM2. We speculated such regulation was most likely posttranslational because SUMO1 did not affect PKM2 mRNA expression. PKM2 has been reported to be degraded by lysosomal pathway.[@b8-ott-11-2097] Further experiments revealed that Leupeptin (an inhibitor of lysosomal proteases) inhibited the decrease of PKM2 protein induced by SUMO1 knockdown, suggesting that SUMO1 enhanced the protein stability of PKM2 by regulating its degradation process. In the meantime, we found that PKM2 could be modified by SUMO1 at Lys336 site in vivo and in vitro.

Then we tested whether SUMO1-modified PKM2 promoted glycolysis via Lys336 residue. And through loss-of-function analysis, we showed that Lys336 residue was critical for SUMO1-modified PKM2 to function as a key glycolytic enzyme. The findings from OCR indicated that SUMO1 modified PKM2 shunted glucose from TCA cycle to glycolysis, which was in line with the function of PKM2 as a central point of regulation the switch of glycolysis and TCA cycle.[@b7-ott-11-2097] Besides being an important rate-limiting enzyme in aerobic glycolysis, the non-metabolic function of PKM2 is emerging in cancer. Nuclear PKM2 as a coactivator of HIF-1α plays another vital role in Warburg effect and tumorigenesis.[@b22-ott-11-2097],[@b23-ott-11-2097] Thus, we tested whether SUMO1 modification of PKM2 at Lys336 site affected the cofactor functions of this protein. The results showed that SUMO1-modified PKM2 significantly increased HIF-1α transcriptional activity, thus increasing the expression of its target genes, including *GLUT1*, *LDHA*, *ENO1*, and *PDK1*. GLUT1 and LDHA are essential for glucose uptake and the conversion of pyruvate to lactate.[@b9-ott-11-2097] PDK1 inactivates pyruvate dehydrogenase, thereby shunting pyruvate away from the mitochondria.[@b31-ott-11-2097] Our findings highlight the essential nuclear functions of SUMO1-modified PKM2 in the regulation of cancer cell metabolism.

It has been shown that PKM2 is strongly expressed in several types of cancer. Knockout of PKM2 could inhibit cell proliferation and tumorigenesis by reducing aerobic glycolysis.[@b9-ott-11-2097] PTM of PKM2, such as phosphorylation or acetylation, has been reported to be involved in tumor proliferation in vivo and in vitro.[@b8-ott-11-2097] Our in vitro growth assays revealed that cancer cells overexpressing wild-type PKM2 grew quicker than K336R mutant PKM2, and this growth-promotion effect was SUMO1-dependent. Taken together, our study suggested that SUMO1-modified PKM2 promoted tumor cell proliferation in vitro.

Conclusion
==========

In this study, we found that PKM2 as a vital rate-limiting enzyme in glycolytic pathway was increased in lung adenocarcinoma patients. Patients with high PKM2 expression had reduced overall survival and disease-free survival rates compared with those with low PKM2 expression, suggesting that upregulated PKM2 expression could serve as a promising marker for tumor progression and prognosis in lung adenocarcinoma patients. Mechanistic analysis revealed that SUMO1 modification played an important role in stabilizing the protein level of PKM2 and promoting tumorigenesis in lung cancer cell lines. Thus, our results will provide a novel mechanistic basis of targeting SUMO1 modification of PKM2 in treating lung cancer.
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![Immunohistochemistry results in lung adenocarcinoma specimens. Higher PKM2 expression led to a lower survival rate.\
**Notes:** (**A**) Histopathologic slices of lung adenocarcinoma tissues were stained with anti-PKM2 antibody (magnification ×400). Representative IHC images for PKM2 staining are shown. (**B**) Graph shows overall survival rate in patients with high PKM2 expression was significantly lower than that in patients with low PKM2 expression (*P*=0.017). (**C**) Graph shows disease-free survival rate in patients with high PKM2 expression was significantly lower than that in patients with low PKM2 expression (*P*=0.027).\
**Abbreviations:** IHC, immunohistochemical; PKM2, pyruvate kinase M2.](ott-11-2097Fig1){#f1-ott-11-2097}

![SUMO1 modification promoted PKM2-dependent glycolysis by affecting PKM2 protein levels.\
**Notes:** (**A** and **B**) A549 cells were transfected with Flag-SUMO1 or empty vector for 48 h. Then ^18^F-FDG uptake and lactate production were examined. Compared with vector control, both ^18^F-FDG uptake (*P*=0.023) and lactate production (*P*=0.018) were dramatically increased in cells overexpressed with SUMO1. (**C** and **D**) SUMO1 promoted glycolysis in A549 was PKM2 dependent. SUMO1 knockdown by specific siRNA (small silencing RNAs) significantly decreased ^18^F-FDG uptake (*P*=0.029) and lactate production (*P*=0.044) in A549 cells. PKM2 knockdown by specific siRNA further reduced ^18^F-FDG uptake (*P*=0.001) and lactate production (*P*=0.005) in A549. However, no additive effects on ^18^F-FDG uptake (*P*=0.831) and lactate production (*P*=0.743) were observed when si-SUMO1 was combined with si-PKM2 in A549 cells. (**E** and **F**) SUMO1 regulated PKM2 protein levels. (**E**) Effects of SUMO1 knockdown by specific siRNA on PKM2 protein levels in A549. (**F**) Effects of SUMO1 overexpressed on PKM2 protein levels in A549 cells. (**G**) Effects of SUMO1 knockdown by specific siRNA on the mRNA levels of PKM2 in A549. (**H**) Leupeptin (an inhibitor of lysosomal proteases) rescued PKM2 protein reduced by SUMO1 knockdown. (**I**) SUMO1 negatively regulated PKM2 activity. \**P*\<0.05, \*\**P*\<0.01.\
**Abbreviations:** ^18^F-FDG, ^18^F-deoxyglucose; HA, hemagglutinin; PKM2, pyruvate kinase M2; SUMO1, small ubiquitin-like modifier 1; PK, pyruvate kinase; ns, no significance; NC, negative control; IP, immunoprecipitation.](ott-11-2097Fig2){#f2-ott-11-2097}

![PKM2 could be covalently modified by SUMO1 at K336 site.\
**Notes:** (**A**) In vitro SUMOylation assay was performed for PKM2. A band of higher molecular mass indicative of PKM2-SUMO1 was detected by the anti-PKM2 antibody with ATP, no SUMO1 modification was detected without ATP. (**B**) HEK293T cells were transfected with HA-PKM2 (WT) in the presence or absence of Flag-SUMO1, protein lysates were prepared and PKM2 SUMO1 modification was determined by Western blot analysis. Arrowheads indicate the SUMO1-modified and unmodified PKM2 proteins detected using anti-Flag or anti-HA antibodies. (**C**) SUMOsp 2.0 prediction analysis programs revealed the possible modification sites of PKM2. (**D**) Mutation of lysine-336 to arginine (K336R) largely blocked PKM2 SUMO1 modification even with ATP in vitro. (**E**) HEK293T cells were transfected with HA-PKM2 (WT) or HA-PKM2 (K336R) in the absence or presence of Flag-SUMO1, protein lysates were prepared and PKM2 SUMO1 modification was determined by Western blot analysis. SUMO1-modified (upper panel) and unmodified (lower panel) PKM2 proteins were detected using anti-PKM2 antibody.\
**Abbreviations:** ATP, adenosine triphosphate; HA, hemagglutinin; PKM2, pyruvate kinase M2; SUMO1, small ubiquitin-like modifier 1; IP, immunoprecipitation; IB, immunoblotting; WT, wild type.](ott-11-2097Fig3){#f3-ott-11-2097}

###### 

SUMO1 modification of PKM2 at Lys-336 site increased glycolysis and promoted its cofactor functions.

**Notes:** (**A** and **B**) SUMO1 modification of PKM2 at Lys-336 site increased glycolysis of cancer cells. A549 cells were transfected with Flag-SUMO1 or si-SUMO1 or si-NC, and empty vector, or PKM2-WT, or PKM2-K336R as indicated. Then ^18^F-FDG uptake and lactate production were examined. (**C**) ^18^F-FDG PET scans showed intense accumulation of ^18^F-FDG in tumor on the left side (PKM2-WT SUVmax 1.05±0.13), modest accumulation of ^18^F-FDG in tumor on the right side (PKM2-K336R SUVmax 0.73±0.11, *P*=0.032). (**D**) A549 cells were transfected with HA-tagged PKM2-WT or K336R. After 24 h of transfection, the cells were replated into appropriate plates for analysis of basal oxygen consumption rate by a Seahorse XF24 extracellular flux analyzer (Agilent, Santa Clara, CA, USA). (**E**) K336R mutant increased PKM2 enzyme activity. (**F**) Activation of the HIF-1-luc reporter by WT-PKM2 and K336R-PKM2 in the presence of Flag-SUMO1 and si-SUMO1. (**G**) The mRNA levels of HIF-1 targeted genes in A549 cells transfected with HA-tagged PKM2-WT or K336R were analyzed by real-time polymerase chain reaction. (Data represent mean ± SD n=3), \**P*\<0.05, \*\**P*\<0.01.

**Abbreviations:** ^18^F-FDG, ^18^F-deoxyglucose; HA, hemagglutinin; HIF, hypoxia inducible factor; PKM2, pyruvate kinase M2; SUMO1, small ubiquitin-like modifier 1; SUVmax, maximum standardized uptake value; OCR, oxygen consumption rate; WT,wild type; NC, negative control; PK, pyruvate kinase; IP, immunoprecipitation; ns, no significance.
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![SUMO1 modified PKM2 promoted cell proliferation in vitro.\
**Notes:** (**A**) A549 cells were transfected with vector or HA-PKM2 WT (K336R) and si-NC or si-SUMO1 for 24 h, then 2×10^4^ cells were planted in 24-well culture plate and the numbers of A549 cells were counted every 48 h. Cells transfected with WT PKM2 and si-NC proliferated faster than cells transfected with K336R mutant PKM2 and si-NC (*P*=0.001). The growth promotion effect was comparable between wild-type and K336R mutant PKM2 cells in the absence of SUMO1 (*P*=0.662). (**B**) After 15 days of transfection with vector or HA-PKM2 WT (K336R) and si-NC or si-SUMO1, colony formation assays of A549 cells were performed. WT PKM2 significantly promoted the anchorage-independent growth of cancer cells compared to K336R mutant PKM2 in the presence of SUMO1 (*P*=0.002). The growth advantage was comparable between wild-type and K336R mutant PKM2 cells when SUMO1 gene was silenced by specific siRNA (*P*=0.901), \*\**P*\<0.01.\
**Abbreviations:** HA, hemagglutinin; PKM2, pyruvate kinase M2; SUMO1, small ubiquitin-like modifier 1; NC, negative control; WT, wild type.](ott-11-2097Fig5){#f5-ott-11-2097}

###### 

Relationship between PKM2 expression and clinical-pathologic characteristics (n=73)

  Variables               PKM2 expression   *P*-value   
  ----------------------- ----------------- ----------- -------
  Age                                                   0.815
   \<60 years             20                15          
   ≥60 years              23                15          
  Gender                                                0.151
   Male                   27                13          
   Female                 16                17          
  Tumor differentiation                                 0.026
   Well                   16                8           
   Moderate               17                6           
   Poor                   10                16          
  Pathological N stage                                  0.017
   N0                     31                13          
   N1                     12                17          
  TNM stage                                             0.013
   I                      10                2           
   II                     23                13          
   III                    8                 6           
   IV                     2                 9           

**Abbreviations:** PKM2, pyruvate kinase M2; TNM stage, tumor-node-metastasis stage.

[^1]: These authors contributed equally to this work
